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Preprocessing of woody biomass was performed with torrefaction and low-temperature carbonization. 
In this study, the pretreated samples have been used to evaluate the energy yield and fuel characteristics. 
The combustion profiles of the torrefied sample and the low-temperature carbonized sample blended 
with coal were examined in order to analyze the characteristics of co-combustion. Energy yields of 80 
-98% in torrefied samples and 46-63% in low-temperature carbonized samples were observed. It was 
found that in the low-temperature carbonization zone, the coal band moved toward that of coal. The 
number of differential thermogravimetric peaks decreased from two to one with an increase in the 
thermal-treatment temperature. In the case of samples blended with coal and low-temperature 
carbonized samples at 350 °C, it has been confirmed that the activation energy and all index parame¬ 
ters decreased as the blend ratio increased. It was confirmed that as a result, the combustion rate (da/dt) 
became higher owing to an increased value of the constant (k), which represents the reaction rate. 
However, in the case of the sample torrefied at 275 °C, it was 1 confirmed that the combustion rate was 
not the same, according to the co-combustion ratio, because of an opposite tendency shown in the 
devolatilization and char combustion stages. 

© 2012 Elsevier Ltd. All rights reserved. 


1. Introduction 

In order to increase the energy recovery efficiency for woody 
biomass, several studies on co-combustion by blend biomass with 
coal have been conducted. However, many issues with respect to 
economic feasibility and fuel characteristics need to be resolved. 
The major issues are that the cost for collection and transportation 
is high and the grindability is poor. Another issue is that the 
combustion characteristics of woody biomass are different from 
those of coal due to of its highly volatile components [1-3]. 

In order to address these shortcomings, torrefaction [4] has been 
proposed as a method of preprocessing biomass. Various studies on 
torrefied biomass have been carried out, focusing on energy 
balance [5], grindability improvement [6,7], and fuel characteristics 
[7-10], It has been shown that the energy balance and grindability 
are improved through torrefaction. This is because the dehydration 
and decarboxylation reactions are carried out during the process of 
torrefaction. But, the fuel characteristics do not seem to be 
improved. The reason is that torrefaction is performed at low 
temperatures in the range 200-300 °C (reducing atmosphere). This 
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is because cellulose and lignin in woody biomass are decomposed 
at temperatures above 300 °C [11]. However, the reason that the 
thermal treatment is carried out in the low-temperature zone is to 
optimize the energy balance and to promote grindability. 

Sahu et al. [12] determined the combustion characteristics of 
a coal-blended sample by pyrolyzing sawdust and rice husks at 
300 °C and 450 °C. The IT of unprocessed samples (sawdust and rice 
husks) was found to he 243 °C and 251.7 °C, respectively. In the case 
of thermal decomposition at 300 °C, it was found to he 298.3 °C and 
285.5 °C, respectively. In the case of thermal decomposition at 
450“C, it was found to be 356.6 °C and 330.7 °C, respectively. As 
a result, I could confirm that the combustion characteristics were 
improved because of thermal decomposition, taking into consid¬ 
eration that the IT of coal was 359.2 °C. 

Abdullah and Wu [13] assessed the grindability and energy 
balance by pyrolyzing mallee wood in the temperature range 
300-500 °C. Studies on samples pyrolyzed in the low-temperature 
zone, including torrefied samples, are ongoing to enhance the 
energy recovery efficiency of woody biomass. However, there are 
no studies on the fuel characteristics of the products of torrefaction 
or pyrolysis in the low-temperature zone. 

In this study, the fuel characteristics of samples of torrefied 
woody biomass and of woody biomass thermally treated at 
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Nomenclature 

EC 

fixed carbon 



ER 

fuel ratio 

A 

pre-exponential factor, s“' 

GCV 

gross calorific value, kcal kg ’ 

DTGma 

maximum weight loss rate, % s“' 

GCVt 

gross calorific value of pyrolysis samples (dry basis). 

E 

activation energy, kcal mol ' 


kcal kg ' 

g(a) 

integral function of conversion 

GCVu 

gross calorific value of unprocessed samples (dry 

Wf 

final mass of the sample, mg 


basis), kcal kg“' 

Wo 

initial mass of the sample, mg 

IT 

initial temperature, °C 

Wt 

mass of the sample at time t, mg 

OM 

optimum mechanism 

a 

conversion 

PT 

peak temperature, °C 


heating rate, °Cmin ' 

R 

gas constant, 8.314 mol ’ 

Ve 

energy yield, % 

T 

absolute temperature, K 

Vm 

mass yield, % 

TG 

tbermogravimetric 

BT 

burnout temperature. °C 

TW 

torrefied wood chip 

CW 

carbonized wood chip 

VM 

volatile matter 

daf 

dry ash-free basis 

WC 

wood chip 

db 

dry basis 

Wt 

mass after pyrolysis (at pyrolysis time t), g 

DTG 

differential thermogravimetric 

Wo 

mass before pyrolysis, g 


temperatures in the range 300-400 “C (hereafter referred to as 
low-temperature carbonization) have been investigated. In order to 
evaluate the fuel characteristics, the energy yield and basic prop¬ 
erties (ultimate analysis, proximate analysis, and calorific value), 
fuel ratio, coal band, and FT-IR spectra were examined. Further¬ 
more, the combustion profile was elucidated by TG analysis, which 
was performed for products of torrefaction and low-temperature 
carbonization and for the coal-blended sample. The activation 
energy of the combustion profile was evaluated through the DTG 
characteristics and the combustion parameter. 

In particular, we can predict the co-combustion of blended coal 
and biomass through combustion characteristics and rate analysis. 
For this, it is important to investigate all index parameters 
[12,14,15], 

2. Experimental 

2.1. Material and thermal-treatment conditions 

Woody biomass was prepared by crushing pitch pine to 
10-20 mm (thickness: 3 mm) and drying it at 70 °C (hereafter 
referred as WC Raw). Bituminous coal (Ensham mine, Australia) 
was used as the coal. The temperature for the thermal treatment 
was selected considering the grindability and economic feasibility. 
It is known that the grindability of wood torrefied below 250 “C is 
poor [4]. Therefore, the three temperatures of 250, 270, and 300 “C 
were selected for torrefaction. For low-temperature carbonization, 
the three temperatures of 325, 350, and 375 °C were selected, 
taking into account the energy yield and economic feasibility of the 
conditions for decomposition of the wood component. WC raw 
(10 g) was put into a crucible and the cover was closed to block the 
inflow of air, and the crucible (capacity: 80 cm^) was then put in an 
electric furnace and pyrolyzed for 30 min [13,16], After pyrolysis, 
the air-cooled samples were labelled TW250, TW275, and TW300 
for torrefaction and CW325, CW350, and CW375 for low- 
temperature carbonization, according to the thermal-treatment 
temperature. 

2.2. Energy yield and fuel characteristics 
2.2.1. Energy yield 

The mass yield and energy yield obtained when different 
temperatures and durations of pyrolysis were applied to WC were 
determined as follows: 


iM = dry basis (1) 

( 2 ) 

2.2.2. fuel characteristics 

Ultimate analysis was performed by measuring C, H, N, and S 
with an ultimate analyzer (Thermo 1112). Proximate analysis was 
performed in accordance with ASTM D3172 [17], D3174 [18], and 
D3175 [19], Calorific values were measured with a calorimeter (Parr 
1261 EA). All experimental runs were conducted three times and 
averaged to compensate experimental reproducibility. Euel ratio is 
a characteristic value representing the properties of a solid fuel and 
is indicated as a ratio (EC/VM air-dried basis) of volatile matter 
against fixed carbon. The VM content was indicated on a dry, ash¬ 
free basis, based on the results of the proximate analysis. The 
coal-band is an index which assigns a coal rank based on the degree 
of coalification; it was investigated using a van Kravelen diagram 
[8] to plot the relationships between the atomic ratios H/C and 0/C 
from the ultimate analysis. 

Eor the specific surface area, the adsorption isotherm was 
measured using N2 as the adsorbate gas, varying the gas pressure 
over the range 8-760 mm Hg and at a temperature of 77.35 K, using 
a surface area and porosity analyzer (TriStar II3020, Micromeritics). 
Results were calculated using the Brunauer-Emmett-Teller (BET) 
isotherm. 

2.3. Non-isothermal thermogravimetric analysis 

TG analysis was conducted (TGA851e Mettler-Toledo) in an 
oxidation (air, 75mLmin”’) atmosphere. The combustion profile 
was obtained by heating at a rate of 10 °Cmin ’ up to 800 “C. The 
biomass was ground and the particles passed through a 100-mesh 
filter, and 10-mg sample were used. A DTG curve, indicating rate of 
weight loss with increasing temperature, was prepared to deter¬ 
mine the combustion characteristics of raw biomass, char, coal, and 
biomass/coal blend. On the DTG curve, the initial temperature is the 
temperature at which the rate of weight loss as a result of evapo¬ 
ration of water reaches 0.01% s”\ and the peak temperature is the 
point where the rate of weight loss is at its maximum. The burnout 
temperature is the point at which the rate of weight loss decreases 
to 0.01% s"’. 



S.-W.. 


■ al. / Energy 45 (2012) 676-685 


The maximum weight loss rate at PT of the DTG curve was set 
as DTGmax- In the event that there were two DTG peaks between 
IT and BT, the first peak section was defined as the devolatiliza¬ 
tion stage (1st stage) and the second peak section as the lignin 
and char combustion stage (2nd stage) [20], The reason we divide 
the process into two stages is that in the case of co-combustion 
of blended coal and biomass, the combustion characteristics are 
not the same. In general, coal shows uniform combustion char¬ 
acteristics, whereas in the case of biomass, the flames are 
unstable and the IT decreases owing to a lot of VM [14], 
Accordingly, It is required to deduce the parameters necessary for 
combustion control after Investigating the combustion charac¬ 
teristics for each stage through TG analysis before co¬ 
combustion. As far as the preparation of the blends is con¬ 
cerned, the total amount of blended coal and biomass was based 
on a standard amount of 4 g. From this amount, 10 mg were used 
for TG analysis. In general, TG analysis is based on a standard 
amount of 10 mg. 

2.4. Kinetic parameters 

The Coats—Redfern model, was used for calculating the kinetic 
parameters of the co-combustion of biomass char and coal. The 
theory for the calculation of kinetic parameters by the 
Coats-Redfern model [21 ] is as follows. 

A two-stage reaction kinetics scheme consisting of two inde¬ 
pendent reactions is proposed for the thermal decomposition of the 
biomass under an oxidative atmosphere, represented by the DTG 
curves. The kinetic scheme includes two separate reactions: 

A (raw material) —> B (intermediate) -I- Cl (gas) (first stage) 

B (intermediate) ^ C2 (gas) + D (ash) (second stage) 

The approach used in the present work [20,22] to calculate the 
kinetic parameters was based on the Arrhenius equation, which has 
been used by several researchers to obtain the kinetic parameters 
of thermal events under combustion conditions. 

These two separate reactions are thought to be governed by the 
first-order Arrhenius law, and so the kinetics of the reaction is 
described as: 


^ = /</(«) (3) 


K./lexp(4) (4) 

where J[a) represents the hypothetical model of the reaction 
mechanism, k is the reaction rate, A the pre-exponential factor 
(s“’), E the activation energy (kJmol“'), R the gas constant 
(8.314JK”’ mor'), T the absolute temperature (K), t the time (s) 
and a the loss in mass fraction or mass conversion ratio, which can 
be calculated by the following relationship: 


a = (5) 

(^Wo - Wf j 

where wo is the initial mass of the sample, Wt is the mass of the 
sample at time t, and Wf is the final mass of the sample. 

For a constant heating rate ^ (°Cmin“’) during combustion, 
= dT/dt, Eq. (3) can be transformed into 


Integrating Eq. (6) gives 



(6) 


(7) 


where g{a) is the integral function of conversion. If EI{RT) is 
replaced by a and integration limits transformed, Eq. (7) becomes 

(S) 

Eq. (8) can be written as 

S(«) = (9) 

p(x) has no analytical solution but has many approximations 
[23,24], with one of the most popular being the Coats-Redfern 
model. This method utilizes the asymptotic series expansion for 
approximating the exponential Integral in Eq. (9), giving 



Since it can be demonstrated that for most values of £ and for 
the temperature range of combustion, the expression ln[AR/ 
/?£(! - 2RTIE)] in Eq. (10) is essentially constant, if ln[g(a)/T^] is 
plotted versus 1/T, a straight line should be obtained. Moreover, if 
the correct g(a} is used, the plot of ln[g(a)/r^] against l/T should 
give a straight line with a high correlation coefficient of linear 
regression analysis, from which the values of £ and A can be 
derived. The activation energy £ can be calculated from the slope of 
the line £/R, and by taking the temperature at which Wt = (wq + Wf)/ 
2 as the intercept term of Eq. (10), the pre-exponential factor A can 
also be calculated. 

The function g(a) or J{a) depends on the mechanism controlling 
the reaction and the size and shape of the reacting particles. 

Table 1 shows the expressions of g(a) for the basic model 
functions usually employed for the kinetic study of solid-state 
reactions. By means of these functions, it was possible to estimate 
the reaction mechanisms governing the process of thermal oxida¬ 
tion of the samples from the TG curves. The form of g(a) that gives 
a straight line with the highest correlation coefficient will be 


Table 1 

Expressions of g(a) for the kinetic model functions usually employed for solid-state 
reactions [3,20,25]. 


Mechanism 

Symbol 

g(«) 

Chemical reaction 


01 

-ln(l - a) 

Second-order 

02 

(l-u)-’ 

Third-order 

03 

1(1 

Limiting surface reaction between both phases 


Two dimensions 

R2 



R3 


Diffusion 

One-way transport 

D1 

0? 

Two-way transport 

D2 

(l-u)ln(l-u) + a 

Three-way transport 

D3 


Ginstling-Brounshtein equation 

D4 

1 - 2al3 - (1 - ap 
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considered the function of the model that best represents the 
kinetics of mass loss for each separate reaction. In most dynamic 
studies that use TGA, the first-order chemical reaction assumption 
(01 model) is the most frequently used. In addition to this reaction 
mechanism, other chemical reactions (02 and 03 models), 
boundary controlled reactions (R2 and R3 models) and diffusion 
mechanisms (Dl, D2, D3 and D4 models) are commonly applied to 
describe the combustion reactions of raw biomass, thermally 
treated woody biomass, coal, and thermally treated woody 
biomass/coal blend. 

3. Results and discussion 

3.1. Energy yields 

As shown in Fig. 1, the mass yield and energy yield of the tor¬ 
refied samples were higher than those of the low-temperature 
carbonized samples. It shows that the energy yield was higher 
than the mass yield in all samples, and the differences were greater 
in the low-temperature carbonized samples. This is because in the 
temperature zone for low-temperature carbonization, cellulose, 
which is a major component of wood, is devolatilized, increasing 
the fixed carbon. 

It is known that the pyrolysis of wood components starts at 
temperatures in the range 160-200 °C for hemicellulose, 
240-350 °C for cellulose, and 280-500 °C for lignin, and they 
release decomposition products such as CO, CO2, and H2O [26], The 
conditions for TW275 among the torrefied samples produced the 
highest energy yield of 98%, more than twice the yield of 45% for 
CW375 among the low-temperature carbonized samples. The 
energy yields of the torrefied samples lie in the range 80-98%, 
depending on the temperature conditions, and those of the low- 
temperature carbonized samples in the range 45-63%. It has 
been demonstrated that the torrefied samples are superior with 
respect to energy yield [4]. 

3.2. Fuel characteristics 
3.2.1. Basic properties 

The physicochemical properties of the samples prepared at 
different thermal-treatment temperatures are summarized in 
Table 2. 

As listed in Table 2, the calorific value of coal is 6385 kcal kg \ 
which is 1.45 times higher than the calorific value (4407 kcalkg”') 
of the unprocessed sample (Raw). 



Fig. 1. Mass and energy yields. 


However, the calorific value was shown to increase because of 
torrefaction and low-temperature carbonization. In particular, 
a rapid increase was observed in the low-temperature carbonized 
samples, which was because the temperature zone for thermal 
treatment expedited dehydration and devolatilization. In the result 
from industrial analysis, the above sample also showed increased 
FC and decreased VM compared to an unprocessed sample, which is 
a typical result for thermal treatment. It was confirmed that the fuel 
ratio becomes higher because FC shows a higher value than that of 
VM in the low-temperature carbonized samples. 

The relationships between calorific values and VM (daf basis) 
and between calorific values and fuel ratios are shown in Fig. 2. 

As shown in both Fig. 2a and Table 2a, the relationship between 
the calorific value and VM shows opposite trends to one another. In 
the zone of torrefaction, it was confirmed that as the temperature 
of thermal treatment rose, a reduction of VM and increase of 
calorific value were clearly shown. On the contrary, in the zone of 
low-temperature carbonization, the reduction of VM and increase 
of calorific value were not as strong. 

This means that further VM reduction slowed down in the 
temperature range 325—375 °C, which was the zone condition for 
low-temperature carbonization. The temperature at which 
a distinct VM reduction and increase in calorific value was observed 
was between 300 and 325 °C. This is because in this zone, hemi¬ 
cellulose and cellulose components are actively decomposed. 

Fig. 2b and Table 2a shows the variation in the calorific value and 
fuel ratio with the thermal-treatment temperature, and a similar 
pattern was observed for all samples, except for the GA/325 and 
CW375 sample. It was observed that as the thermal-treatment 
temperature went up, the fuel ratio increased, and the calorific 
value increased as the fuel ratio neared 1.0, but the rate of increase 
slowed when the fuel ratio was above 1.0. As a result, the calorific 
value per specific weight varied depending on the VM content, and 
a higher calorific value was obtained as the fuel ratio neared 1.0. 

3.2.2. Coal band 

As shown in Fig. 3, it was observed that the coal-band charac¬ 
teristics of the samples moved toward those of coal at higher 
thermal-treatment temperatures. This was caused by devolatiliza¬ 
tion (decarboxylation, dehydrogenation) during the thermal- 
treatment process. Among the torrefied samples, TW250 and 
TW275 showed similar results to those for the beech wood torre¬ 
fied at temperatures in the range 220-280 °C by Prins et al. [27]. It 
was found that the coal-band characteristics moved toward those 
of coal, as compared to those of the unprocessed sample, but they 
were still within the biomass zone. 

On the other hand, those of the low-temperature carbonized 
samples showed bigger variations, as compared to those of the 
unprocessed sample or the torrefied samples. Furthermore, the 
torrefied samples showed a wide distribution range over the 
temperature range (250-300 °C), while the low-temperature 
carbonized samples displayed a concentrated distribution. 
TW300 and CW325 exhibited large variations even though the 
difference in temperature was only 25 °C. The results are very 
similar to those obtained in a previous study on mallee wood [ 13 ] . It 
was verified that in this temperature zone, decomposition occurred 
most actively, as mentioned previously. 

3.2.3. FT-IR spectra 

The variances in the FT-IR absorbance peaks for the torrefied 
samples (Fig. 4a) and the low-temperature carbonized samples 
(Fig. 4b) were measured. In the absorbance peak zone corre¬ 
sponding to the wave number range 3300—3500 cm“', the 
absorbance peaks for torrefied samples were similar to those for 
the unprocessed sample. However, the absorbance peak for the 
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Table 2 

Physical and chemical properties of the thermally treated biomass and coal. 


Sample 

Proxim 

te analysi 

(wt.%, adb) 


Ultimat 

analysis 

(wt.%, db) 



GCV (Real kg-’, db) 

SBEr(m2g-’) 

M 

FC 

VM 

Ash 

c 

H 

Qdiffer. 

N 

s 

Coal 

6.67 

54.50 

27.25 

11.58 

74.12 

4.22 

6.93 

1.91 

0.41 

6385 

11.86 

WC raw 

3.81 

7.42 

88.72 

0.05 

46.73 

6.46 

46.35 

0.41 

ND 

4407 

- 

TW250 

3.19 

15.51 

81.19 

0.11 

52.22 

5.18 

41.94 

0.55 

ND 

4895 


TW275 

2.90 

23.46 

73.47 

0.17 

57.33 

4.95 

37.17 

0.37 

ND 

5314 

<1.0 

TW300 

2.81 

29.36 

67.58 

0.25 

59.03 

4.78 

35.59 

0.34 

ND 

5387 

- 

CW325 

3.29 

51.57 

44.71 

0.43 

68.43 

4.31 

26.47 

0.35 

ND 

6956 

- 

CW350 

3.40 

52.56 

43.57 

0.47 

69.20 

4.28 

25.71 

0.32 

ND 

6998 

<1.0 

CW375 

4.03 

61.36 

34.13 

0.48 

71.39 

3.80 

24.00 

0.31 

ND 

7140 

- 

adb, Air-dried 1 

rasis; db, dry basis; 

M, Moisture; O'*' 

by difference [(FC 

+ VM)db- 

-(C + H-rN-r 

S)db]; ND, ni 

at detected; Sbet. specific surface are 

a determined on N2 


isotherms by the BET method. 


low-temperature carbonized samples showed the opposite trend to 
that for the unprocessed sample. It is assumed that this is because 
of OH being dehydrated. In addition, it was observed that aliphatic 
CH3 and CH2, having absorbance bands corresponding to wave 
numbers in the range 2850—2920 cm \ were lower for the torre¬ 
fied samples than for the low-temperature carbonized samples. It is 
assumed that this is because of the devolatilization caused by the 
thermal treatment. In order to see the images of the spectra in the 
range 1700—700 cm ’ more clearly, 1 have magnified it. The results 
are shown in Fig. 4c and d. 



WCRaw 1¥C50 TO275 TW300 CWJ25 CW350 CW375 


Fig. 2. Variable characteristics of GCV, VM, and FR by torrefaction and low- 
temperature carbonization: (a) GCV: VM: (b) GCV: FR. 


It was shown that the C<ce:glyph name="dbnd"/>C band was 
distributed widely over the wave number range 1600-1650 cm“' 
for the unprocessed sample, while it increased sharply at 
1600 cm ’ for the torrefied samples and the low-temperature 
carbonized sampies. The peak at 1600 cm^' corresponds to an 
aromatic-ring vibration combined with oxygen in quinone, ether, 
or a heterocyclic compound [28], The peak at 1370 cm ' corre¬ 
sponds to a methyl band, and it was observed that its intensity 
increased greatly for the torrefied samples and the low- 
temperature carbonized samples, as compared to that for the 
unprocessed sample. The peaks observed at wave numbers in the 
range 1200-1240 cm“' correspond to a C-O-C band; the absor¬ 
bance band in this range increased for all samples, both torrefied 
and carbonized at a low temperature. The unprocessed sample and 
the torrefied samples showed absorption bands at wave numbers 
in the range 1000-1050 cm \ while no spectra were observed for 
the low-temperature carbonized samples. Peaks at wave numbers 
in the range 700—900 cm“^ indicate aromatic carbons and CH 
groups [29], and in this zone, it was observed that the absorbance 
band for the low-temperature carbonized sampies increased, while 
those for the unprocessed sample and the torrefied samples 
decreased [9]. This result verifies that the chemical structure 
changed depending on the thermal-treatment temperature. In 
particular, for the low-temperature carbonized samples, the 
quantities of aromatic components increased, and therefore, it is 
assumed that the combustion reactivity was enhanced. 

3.3. Non-isothermal thermogravimetric analysis 

3.3.1. Combustion reaction zone and characteristics 

DTG curves for the torrefied samples and the low-temperature 
carbonized samples are shown in Fig. 5a and b, respectively. In 
addition, the DTG curves for samples of coal-blended with the tor¬ 
refied samples (TW275) and with the low-temperature carbonized 
samples (CW350) are shown in Fig. 5c and d, respectively. The 
samples were blended at the co-combustion ratios (torrefied 


Table 2a 

Effect of temperature on fuel characteristics (fuel ratio and VM). 

Sample Proximate analysis (wt.%. Fuel VM (wt.%, daf) 

adb) ratio 

M FC VM Ash FC/VM VM/[(100-(M + Ash))/100] 

3.81 Z42 88.72 005 008 92.28 

3.19 15.51 81.19 0.11 0.19 83.96 

2.90 23.46 73.47 0.17 0.32 75.80 

2.81 29.36 67.58 0.25 0.43 69.71 

3.29 51.57 44.71 0.43 1.15 46.44 

3.40 52.56 43.57 0.47 1.21 45.32 

4.03 61.36 34.13 0.48 1.80 35.74 


WCRaw 

TW250 

TW275 

TW300 

CW325 

CW350 

CW375 
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Atomic O/C ratio 


Fig. 3. Van Krevelen diagram for samples prepared at different thermal-treatment 
temperatures. 


samples (TW275) to coal) of 10, 20, and 40% and were denoted 
10TW90C, 20TW80C, and 40TW60C, respectively. The low- 
temperature carbonized samples {CW350) blended with coal 
were denoted 10GA/90C, 20CW80C, and 40CW60C, respectively. 


As can be observed in Fig. 5a, both the torrefied samples and the 
unprocessed sample show two DIG peaks. The feature of the tor¬ 
refied samples was that they did not show large variations in the 
peak shape according to the thermal-treatment temperature, 
except for TW300. However, the second stage showed that as the 
thermal-treatment temperature was increased, DTGmax also 
increased. This result is very similar to that obtained in a previous 
study on the torrefaction of woody biomass [6]. This is caused by 
the removal of volatile components, mainly in hemicellulose and 
partly in cellulose. 

On the other hand, it was observed that the low-temperature 
carbonized samples showed a single DTG peak, with the excep¬ 
tion of CW325, and the DTG curves showed different patterns than 
those for the unprocessed sample (Fig. 5b), i.e., IT started from 
a higher temperature and the combustion reaction zone was low. 
They were also different than the DTG curves for the torrefied 
samples because of the devolatilization reaction being promoted by 
the difference in the thermal-treatment temperature. It is assumed 
that mainly the combustion reactions of the lignin component and 
char occurred [3,30]. 

Two DTG peaks were observed at all co-combustion ratios of the 
coal/TW275 blended samples, and it was found that a lower co¬ 
combustion ratio formed the smaller first peak (Fig. 5c). However, 
in the event that only coal was combusted, it showed a different 
pattern. This means that the devolatilization reaction occurs much 
more rapidly in woody biomass than in coal. Therefore, in the event 



Fig. 4. FT-IR spectra for samples: (a) torrefied wood between 4000 and 500 cm“’; (b) low-temperature carbonized wood between 4000 and 500 cm (c) magnification of 
torrefied wood between 1700 and 700 cm^'; (d) magnification of low-temperature carbonized wood between 1700 and 700 cm^’. 
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Temperature (°c) 


Temperature fc) 


Fig. 5. DTG curves for samples: (a) torrefied wood; (b) low-temperature carbonized wood; (c) TW275/coal blend samples; (d) G/V350/coal blend samples. 


of single combustion or co-combustion with coal, the fuel input and 
combustion control should account for pyrolysis, which is the 
initial reaction during combustion. On the other hand, a single DTG 
peak was observed at all co-combustion ratios of the coal/CW350 
blended samples (Fig. 5d). Among them, the samples with the co¬ 
combustion ratios of 10% and 20% showed DTG curves very 
similar to that for coal. The combustion parameter and weight loss 


rate per stage investigated through the DTG curve are listed in 
Table 3. 

According to Table 3, IT for the torrefied samples and the low- 
temperature carbonized samples was higher than that for the 
unprocessed sample. The table shows that IT for the sample ther¬ 
mally treated at the highest temperature (CW375) was 292 °C, 
which was higher by 49—57 °C than that for the unprocessed 


Characteristic parameters obtained from DTG combustion profiles for raw woody biomass, coal, thermally treated woody biomass and thermally treated woody hiomass/coal 
blend. 


Sample IT (“C) 


Single Coal 337 

WC Raw 235 

TW250 243 

TW275 265 

TW300 267 

CW325 276 

CW350 277 

CW375 292 

Blend TW275: coal 

10TW90C 308 

20TW80C 295 

40TW60C 279 

CW350: coal 
10CW90C 315 

20CW80C 312 

40CW60C 297 


FT(°C) 


DTGn,ax(%s-') BT(“C) t,(s) Weight loss (%) 


First FT Second PT First DTG Second DTG 


First stage 


Second stage 


501 

327 433 

325 432 

320 434 

313 422 

305 410 

410 
409 

319 484 

319 471 

320 468 


0.1168 

0.2423 0.1250 

0.1193 0.1956 

0.2871 0.3679 

0.2248 0,6151 

0.0565 0.6672 



0.0227 0,1237 

0.0344 0,1164 

0.0892 0.0980 


598 1566 
487 1512 
482 1434 
444 1074 
438 1026 
436 960 
435 948 
431 834 

482 1044 
576 1686 
569 1740 


85.48 

59.43 30.81 

41.50 46.06 

42.86 46.40 

37.03 56.14 

15.91 77.54 

94.68 
92.78 

5.61 79.80 

8.48 77.36 

17.37 67.16 


0.1314 583 1608 
0.1236 570 1548 
0.2602 555 1548 


86.66 

87.12 

88.84 


TW, torrefied 


1; CW, low-temperature carbonized 


1; tq, burnout time (BT-IT). 
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sample (235 °C) and TW250 (243 °C). It is normal that the higher 
the rank of the coal, the higher the IT [31 ], so it could be possible 
that the fuel rank improved as the devolatilization occurred. On the 
other hand, the table shows that BT dropped more at higher 
thermal-treatment temperatures, showing the opposite trend to IT. 
It was found that IT for GA/375 was 431 °C, lower than 487 °C for 
CW375 and 438 °C for TW300. 

It was observed that IT for the torrefied/coal blend samples and 
the low-temperature carbonized/coal blend samples dropped as 
the co-combustion ratio was increased. This result is in agreement 
with a study, in which IT for coal or the coal-blended sample 
decreased linearly as the amount of more reactive coal increased 
[32]. It showed that IT for the coal-blended samples dropped more 
because the reactivity of the torrefied samples was higher than that 
of the low-temperature carbonized samples. In general, the varia¬ 
tion in the combustion temperature is caused by the physical and 
chemical differences in coal [33]. It is caused physically by the size 
of the particles or the variation in the specific surface area, and 
chemically by the variation in the bonding structure of carbon. In 
order to verify this, the specific surface areas of the torrefied 
samples, low-temperature carbonized samples, and coal were 
investigated (Table 2). Kastanaki and Vamvuka [14] reported that 
the biomass char, which was pyrolyzed at 850 °C, had good 
combustion reactivity resulting from the high porosity due to the 
pyrolysis. 

This work showed that the specific surface areas were 
<1.0 m^g-i forTW275, <1.0 m^ g-i for CW350, and 11.86 m^ g-i for 
coal. Moreover, it showed that the specific surface areas for the 
torrefied samples and the low-temperature carbonized samples 
were much lower than that for coal. It is thought that the difference 
in the combustion temperature is caused by variations in the 
chemical structure rather than physical differences. As shown by the 
FT-IR spectra results (Fig. 4), it is thought that the chemical structure 
is determined by the bonding structure of carbon. It was observed 
that BT dropped as the co-combustion ratio of GA/350 to coal was 
increased (except for a co-combustion ratio of 10%). Conversely, it 
was observed that BT increased for the co-combustion ratios of 20% 
(20TW80C) and 40% (40TW60C) for TW275. 

The burnout time for the torrefied samples was shorter than 
that for coal, with that for coal at 1566 s and for TW275 at 1074 s. 
However, the burnout times for TW275 with co-combustion ratios 
of 20% and 40% increased to 1686 s and 1740 s, respectively. 


In previous studies in which BT for blended coal had no 
weighted average properties [15,32], and when two different peaks 
were observed, the combustion of each component occurred 
independently [34], and its burnout time increased. For the low- 
temperature carbonized samples, the burnout time decreased as 
the co-combustion ratio was increased, except in the case in which 
it increased to 1608 s when the co-combustion ratio was 10%. This 
result implies that in the event of co-combustion with coal, the 
combustion characteristics may vary depending on the thermal- 
treatment temperature and blend ratio. 

3.3.2. Kinetic parameters 

As listed in Table 4, the value of E for the unprocessed sample 
was 23.79 kcal mol ' in the first stage and 12.62 kcal mol ’ in the 
second stage. Compared with 29.28 kcal mol“' and 3.65 kcal mol ', 
which were the results obtained by Yorulmaz and Atimatay [20], 
and 28.42 kcal mor' and 34.63 kcal mol"’, which were the results 
obtained by Shen et al. [22], the first stage showed lower values and 
the second showed intermediate values. 

The activation energy for the torrefied samples was in the range 
20.91—23.03 kcal mol"’ in the first stage and 
11.58-14.35 kcal mol"’ in the second stage, and no large variation 
from that for the unprocessed sample was observed. The activation 
energy for the low-temperature carbonized samples was in the 
range 30.79—34.62 kcal mol"’ in the second stage, which was less 
than 43.48 kcal mol"’ for coal and close to 34.70 kcal mol"’ for 
wood char thermally treated at 850 °C [14]. 

The value of E is greater in the devolatilization stage, which is 
the first stage of torrefaction, compared to the char combustion 
stage; hence, it is necessary to pay attention to the initial 
combustion characteristics at the time of co-combustion of biomass 
blended with coal. On the contrary, in the case of the low- 
temperature carbonized sample, the number of DTG peaks is the 
same as in the case of coal and the value of E is low. Therefore, we 
can expect the combustion reaction to be expedited at the time of 
co-combustion. 

The pre-exponential factor for the torrefied samples was 
16.00-17.95 in the first stage and 7.49-9.77 in the second stage, 
which showed that the pre-exponential factor in the first stage was 
greater than that in the second stage. It decreased in the first stage 
and increased in the second stage, compared to the pre-exponential 
factor for the unprocessed sample. On the other hand, the pre- 


Table 4 

Thermal kinetic results of all samples. 






WCRaw 

TW250 

TW275 

TW300 

CW325 

CW350 

CW375 


OM Temp, interval (°C) £ (kcal mol ’) ln/l(s"’) 


D1 235-370 23.79 

D1 243-361 22.32 

R2 265-364 20.91 

R2 267-346 23.03 

R2 276-340 14.60 


18.69 0.9746 

16.96 0.9845 

16.00 0.9513 

17.95 0.9608 

9.85 0.9908 


OM Temp, interval (“O £(kcalmor’) In/lfs ’) 


D3 337-598 43.48 
D4 370-487 12.62 
D1 361-482 11.96 
D1 364-444 11.58 
D1 346-438 14.35 
D1 340-436 32.62 
D1 277-435 30.79 
D1 292-431 34.62 


25.80 0.9620 

7.06 0.9616 

7.86 0.9621 

7.49 0.8891 

9.77 0.9048 

23.65 0.9546 

22.44 0.9908 

25.35 0.9838 


Blend TW275: coal 

10TW90C 03 308-355 

20TW80C 03 295-351 

40TW60C R2 279-353 

CW350: coal 

10CW90C 

20CW80C - 

40CW60C - 


-0.47 0.9993 D3 

0.50 0.9908 D3 

13.67 0.9677 D3 


355-582 30.45 

351-576 27.39 

353-569 20.73 


17.71 

15.86 


D3 315-583 34.90 
D3 312-570 32.64 
D3 297-555 30.14 


20.74 0.9940 

19.49 0.9968 

18.54 0.9918 


£, Activation energy; A, pre-exponential factor; R, correlation coefficient of linear regression; OM, the form of gfa) that gives a straight line with the highest correlation 
coefficient will be considered the function of the model that best represents the kinetics of mass loss for each separate reaction. 
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exponential factor for the low-temperature carbonized samples 
was 22.44-25.35, which is similar to that for coal, i.e., 25.80. 

For the samples blended with coal, it was found that the acti¬ 
vation energy for the torrefied samples increased in the first stage 
and decreased in the second stage as the co-combustion ratio was 
increased. In particular, at a co-combustion ratio of 40%, it was 
19.16 kcal mol"' in the first stage and 20.73 kcal mol"' in the 
second stage; thus, this verified that torrefied samples and coal 
each combusted independently. Meanwhile, the value of E over the 
co-combustion ratios for the low-temperature carbonized samples 
to coal lay in the range 30.14-34.90 kcal mol"'. However, this result 
is lower in value than the weighted average value of 
43.48 kcal mol"' for coal and 30.79 kcal mol"' for CW350. It can be 
inferred from this result that the combustion reactivity was 
promoted as the chemical structure was changed by thermal 
treatment, as explained above. Consequently, we confirmed that 
the values of E and A in the samples with blended CW350 and coal 
decreased as the blend ratio increased. 1 also confirmed that as 
a result, the combustion rate (da/dt) became higher owing to an 
increased value of the constant (k), which represents the reaction 
rate. However, in the case of the sample torrefied at 275 °C, 1 
confirmed that the combustion rate was not the same, according to 
the co-combustion ratio, because of an opposite tendency shown in 
the devolatilization and char combustion stages. 

The combustion reaction mechanism for the unprocessed 
sample was Dl, which is a one-dimensional diffusion mechanism 
with deceleration curves in the first stage, but it showed a D4 
mechanism in the second stage. However, as the thermal- 
treatment temperature increased, it changed to R2 in the first 
stage and to Dl in the second stage. 

For all coal samples and TW275 blended co-combustion ratios, 
the combustion mechanisms were 03 and R2 in the first stage and 
D3 in the second stage. On the other hand, for all low-temperature 
carbonized samples (G/\/350) and coal-blended co-combustion 
ratios, the combustion reaction mechanism 03 showed the highest 
correlation coefficient; therefore, it was verified that this is a suit¬ 
able model. In order to conduct co-combustion with blended coal 
and thermal-treated biomass in the future, it is necessary to deduce 
the parameters necessary for combustion control after studying the 
combustion characteristics and combustion reaction rate. 

4. Conclusions 

The fuel characteristics of samples to which a torrefaction and 
low-temperature carbonization were applied as a preprocessing for 
woody biomass are shown as follows. 

1. For the energy balance, it was shown that the energy yield was 
higher with the torrefied material, and for the fuel character¬ 
istics, it was found that the low-temperature carbonized 
samples were nearest to those of coal. 

2. For the combustion characteristics, the low-temperature 
carbonized samples showed DTG curves that were more 
similar to those shown by coal than those shown by the tor¬ 
refied samples. Furthermore, in the event of blending with coal, 
two types of independent combustions were observed for the 
coal/torrefied samples blend but only a single type of 
combustion was observed for the coal/low-temperature 
carbonized sample blend. 

3. In the case of samples blended with coal and low-temperature 
carbonized samples at 350 °C, it was confirmed that the acti¬ 
vation energy and all index parameters decreased as the blend 
ratio increased. It was also confirmed that as a result, the 
combustion rate (da/dt) became higher owing to an increased 
value of the constant (k), which represents the reaction rate. 


However, in the case of the sample torrefied at 275 °C, it was 
confirmed that the combustion rate was not the same, 
according to the co-combustion ratio, because of an opposite 
tendency shown in the devolatilization and char combustion 
stages. 

4. It was confirmed that the combustion rate increased when the 
thermal-treated samples were blended, compared to single 
combustion of coal. However, in the case of torrefied samples, it 
is necessary to pay attention to combustion control at the time 
of co-combustion, because the torrefied samples show two 
DTG peaks. 

As the result, it was verified that the fuel characteristics varied 
depending on the thermal-treatment temperature and conse¬ 
quently the combustion characteristics varied. 
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